Traditional segmentation method can only partition an image in a single granularity space, with segmentation accuracy limited to the single granularity space. This paper proposes a multi-granularity synthesis segmentation method for high spatial resolution remote sensing images based on a quotient space model. Firstly, we divide the whole image area into multiple granules (regions), each region is consisted of ground objects that have similar optimal segmentation scale, and then select and synthesize the sub-optimal segmentations of each region to get the final segmentation result. To validate this method, the land cover category map is used to guide the scale synthesis of multi-scale image segmentations for Quickbird image land use classification. Firstly, the image is coarsely divided into multiple regions, each region belongs to a certain land cover category. Then multi-scale segmentation results are generated by the Mumford-Shah function based region merging method. For each land cover category, the optimal segmentation scale is selected by the supervised segmentation accuracy assessment method. Finally, the optimal scales of segmentation results are synthesized under the guide of land cover category. Experiments show that the multi-granularity synthesis segmentation can produce more accurate segmentation than that of a single granularity space and benefit the classification.
Introduction
High spatial resolution remote sensing image (HSRI) segmentation is the first crucial step in objectbased remote sensing image analysis, classification and object recognition. The intent of HSRI segmentation is to produce meaningful objects that match objects on the ground [1] . While landscapes are composed of layers of patterns that occur from a variety of natural and human-driven process operating over vastly different spatial and temporal frequencies [2] , there often does not exist a single scale of segmentation that could be deemed appropriate for analysis of the entire image. Multi-scale segmentation therefore becomes necessary to get meaningful objects for complex landscape analysis, ecological system analysis [3] etc.. Though multi-scale segmentation techniques can provide interesting and useful results over a single scale or narrow range of scales for certain object extraction, it is always not enough for analysis of the scene due to the complexity of natural landscapes. Intelligently combine objects at different optimal scales together is another crucial issue to get the appropriate segmentation result that can accurately characterize ground objects of varying scale properties. With respect to this issue, how to link the multi-scale objects and combine sub-optimal scales of segmentation together are two key problems that should be solved.
Quotient space granular theory which comes from the human cognition science has been regarded as a unified framework for theories, methodologies and techniques that make use of granules in the process of problem solving. Here a granule can be seen as a clump of objects (points), in the universe of discourse, drawn together by indistinguishability, similarity, proximity, or functionality. Granulation leads to information compression/summarization. In situations involving incomplete, uncertain, or vague information, it may be difficult to differentiate different elements and instead it is convenient to consider granules, i.e., clump or group of indiscernible elements, for performing operations [4] . Based on granular theory, we can solve the complex HSRI multi-scale segmentation problem in an intelligent way. The HSRI image can be firstly divided into different 'granules' (regions) based on the quotient space model of multi-granularity image segmentation, each granule is assumed to be consisted of ground objects that have similar optimal segmentation scale. And then the suboptimal segmentations of each region can be selected and synthesized together by the granular synthesis technique to get the final segmentation result. The result is the combination of sub-optimal scales of objects and is therefore more coherent to ground objects.
To validate this method, the land cover category map is used to guide the scale synthesis of multiscale image segmentations for Quickbird image land use classification. Experiments show that the multi-granularity synthesis segmentation can produce more accurate segmentation than that of a single granularity space and benefit the classification.
In the following text, we firstly illustrate the Quotient space model of multi-granularity image segmentation. Next, the granular synthesis technique for HSRI segmentation is illustrated. Then, we show the object-oriented land use classification experiments of Quickbird images to validate the methods. Finally, we summarize the results and draw conclusions.
Quotient space model of multi-granularity image segmentation
The aim of image segmentation is to divide the image into non-overlapping regions, each region is homogenous inside according to certain homogeneity rule defined based on the pixel attributes, and the neighboring regions are of heterogeneity. Suppose X is the pixel set of an image, R is the homogeneity rule, image segmentation is to divide X into many subsets (regions) {X 1 ,X 2 ,…X n }, each of this subset satisfies the following four conditions:
It can be concluded that though different image segmentation algorithms may have distinct characteristics that can be useful for segmenting different kinds of images for various tasks, they all have the common nature of dividing the pixel set into different regions according to certain homogeneous rules in respect with certain features or neighboring relationships of pixels.
Image segmentation can be seen as a special granular computing problem that can be solved based on the Quotient space granular theory. It can be done by defining an image as a collection of pixels and the equivalence relation, that defines the homogenous rules, induced partition as pixels lying within each non-overlapping segmented object over the image. Accordingly, it is possible to describe the multi-granularity image segmentation problem by a quotient space model, in which the granular computing principle and methods construct a unified theory scheme for image segmentation.
In the quotient space model, if we use a three element set ( , , )
Xf to define the original image, X is the domain of discourse, f is the attribute function of each pixel in X ,  is the structural relationships among pixels in X . Then, after using a predefined equivalence relationship to segment the image, the segmented image is defined as In this way, before segmentation, the single pixel is the basic element in X , and after segmentation, the pixel set is the basic element in [] X . In fact, multi-scale image segmentation is a process of producing multi-granular space
Xf by defining different equivalence relationships and segments the image. After get the multi-granularity segmentations based on the above quotient space model, we can use the granule synthesis principle to synthesize the sub-optimal granules [] X (segmented object sets) to get the final segmentation result which can take into account the distinct scale properties of different ground objects which are characteristic with distinct heterogeneity, aggregation or amplitude. The main idea is to firstly segment the image into multi-granules, represented as
Xf , and then select the sub-optimal granules and synthesize the selected granules to get the final segmentation result which meets the segmentation requirement of different applications.
Here, the multi-granule synthesis is implemented by repeatedly synthesizing two granules many times; the synthesis of two granules is described as follows.
In synthesizing 
Xf satisfies a certain optimal rule, which is defined based on the overlay operation based on the topological structure of each granule. To implement the synthesize procedure, we can define the synthesized topological structure In HSRI segmentation, we use the granule synthesis methods to simplifying the segmentation. There are three main procedures: (1) generation of multi-granules by multi-scale segmentation; (2) selection of the sub-optimal granule for segmentation of different ground objects; (3) granule synthesis. The methodology of each step in granule synthesis is detailed in the next section. 
Experiment
To validate the applicability of the proposed method, the land cover category map is used to guide the scale synthesis of multi-scale image segmentations for Quickbird image land use classification. Firstly, the image is coarsely divided into multiple regions, each region belongs to a certain land cover category. Then multi-scale segmentation results are generated by the Mumford-Shah function based region merging method. For each land cover category, the optimal segmentation scale is selected by the supervised segmentation accuracy assessment method. Finally, the optimal scales of segmentation results are synthesized under the guide of land cover category. For the details of the methodology used in the experiment, please refer to paper [5] , in the following, we only describe the main idea of the methods and the experiment results.
Generation of multi-granules
An edge-embedded marker based watershed segmentation algorithm (EEMW) [6] is used to derive the initial oversegmentation result of HSRI. This method performs well in both retaining the weak boundary and reducing the undesired over-segmentation. In the over-segmentation result, the minimum mapping unit for each class being mapped are well segmented with all the object boundary pixels retained. Then, the Mumford-Shah segmentation model based region merging algorithm [7] is implemented to obtain multi-scale segmentation results. In this method, image segmentation is viewed as a compromise between the shape characteristic of region boundary and the fitting error of the region enclosed by the boundary. A good segmentation therefore is a very efficient description of ground object boundaries with consideration of the associated errors. By setting different threshold, multiscale of segmentation results can be obtained. As the threshold increase, coarser segmentation result can be generated based on the finest scale of segmentation. This eases the latter granule synthesis procedure.
Sub-optimal granule selection
The optimal granule (segmentation scales) of different land cover categories should be selected before granule synthesis. We use the supervised image segmentation accuracy assessment measures proposed by Crevier [8] to guide the optimal segmentation scale selection. In this method, the segmentation samples of each land cover category are firstly extracted. Then, the segmentation scale with highest accuracy is selected as the optimal scale for the corresponding land cover category according to the related segmentation samples. In this way, different segmentation requirements can be satisfied by adjusting the segmentation samples accordingly to the application purposes.
Granule synthesis
Granule synthesis is a process of synthesizing the sub-optimal granules of different land cover categories together. In the process, the LCCM is extracted in advance to guide the latter scale synthesis. To get LCCM, the features of typical ground objects are firstly analyzed to construct classification rules for classifying the initial over-segmented objects into different land cover categories. Then, a post-processing is implemented to remove the small undesired objects and merge neighboring objects with the same land cover category. Guided by LCCM, the optimal segmentation results are synthesized by the following two steps:
(1) For each optimal granule (segmentation result) of a land cover category, mask the objects that do not belong to this land cover category.
(2) Synthesize all the land cover categories' optimal granules by the granule synthesis method as shown in section 2. In the process, the topological structure construction is implemented by layer overlaying.
Experiment results
The study area mainly includes ten typical ground objects, including water, forest, residential area, mining area, road, concrete area, paddy field, vegetable plot, bare soil and grass according to the land investigation. These classes can be categorized into four main land cover categories water, forest, artificial area and farm field. To derive the land cover category map, the sample features of typical ground objects are extracted and analyzed to establish the classification rule. The samples of each ground object classes are gathered manually based on land survey. These samples are divided into different land cover categories respectively to provide segmentation samples for the segmentation accuracy assessment in selection of sub-optimal granules. For the detail of the experiment steps, please refer to paper [5] , here we only presents the synthesized segmentation result and the classification result as shown in figure 2 and 3 . The experiment result shows that synthesize the optimal segmentations together can improve the final segmentation accuracy quite well. This will benefit the classification of the study area. The overall accuracy is 77.8% and the Kappa index is 0.727.
Conclusion
This paper proposes a quotient space multi-granularity segmentation model to simplify HSRI image segmentation by the granule synthesis method. In this method, an edge-embedded marker-based watershed algorithm is firstly implemented to get an initial over-segmentation result. Then, a bottom-up region merging method is implemented with a Mumford-Shah segmentation model to establish a linking hierarchy multi-scale segmentation network. Among the multi-scale segmentation results, the optimal scale of different land cover category is selected by a supervised segmentation accuracy assessment method. The 
